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I INTRODUCI'ION 

Th i s  seventh  Quar t e r ly  Technical Summary Report  desc r ibes  work 

conducted f o r  t h e  Nat iona l  Aeronautics and Space Adminis t ra t ion  under 

Task Order NASr-49(13) dur ing  the  p e r i o d ,  March 1 t o  May 31, 1965. 

program i s  monitored by t h e  A m e s  Research Center  of NASA. 

The 

The o b j e c t i v e  of t h i s  s tudy  of c ros s l inked  poly(methy1 me thac ry la t e )  

(PMMA) polymers i s  t o  o b t a i n  information on t h e  behavior  of c r o s s l i n k e d  

polymers i n  space environments.  Of p a r t i c u l a r  i n t e re s t  a r e  t h e  degrada- 

t i v e  changes i n  s t r u c t u r e  which take p l a c e  i n  vacuo a t  e l e v a t e d  tempera- 

t u r e s ,  t h e  k i n e t i c s  a s s o c i a t e d  with t h e  degradat ion p rocess ,  and t h e  in -  

f l u e n c e  of t h e  degrada t ive  changes on t h e  mechanical p r o p e r t i e s  of t h e  

polymer . 

-- 

During t h e  r e p o r t  pe r iod ,  continuous and i n t e r m i t t e n t  stress re l axa -  

t ion tests were c a r r i e d  ou t  on seve ra l  samples of c r o s s l i n k e d  PMMA i n  

vacuum, helium, and a i r ,  and some swe l l ing  experiments  w e r e  made t o  com- 

p l e t e  t h e  information r e p o r t e d  i n  t h e  prev ious  Q u a r t e r l y  Technical  Summary 

Report  (Q.T.S.R. No. 6 ) .  

I n  a n t i c i p a t i o n  of t h e  procurement by t h e  A m e s  Research Center  of 

f u r t h e r  samples wi th  lower degrees of c r o s s l i n k i n g ,  t ens i le  t e s t i n g  was 

n o t  cont inued du r ing  t h i s  per iod .  It  w i l l  b e  resumed when t h e  new samples 

have been r ece ived  from t h e  Polycas t  Corporat ion;  t h e s e  w i l l  then  b e  

t e s t e d ,  t o g e t h e r  w i t h  l o t s  No. 2 ,  3 ,  10, and 11, which have a l r e a d y  been 

t e s t e d  a t  145,  165, and 1 8 5 O C .  
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I1 STRESS RELAXATION 

Addi t iona l  cont inuous and i n t e r m i t t e n t  stress r e l a x a t i o n  tests were 

c a r r i e d  out  on t h e  more l i g h t l y  c ros s l inked  PMMA samples i n  a i r  and i n  

vacuum a t  e l e v a t e d  tempera tures .  I n  a d d i t i o n ,  r u n s  w e r e  made i n  t h e  

vacuum appara tus  ( a )  i n  hel ium, and ( b )  i n  vacuum, bu t  i n  a g l a s s  j a r  

i n s t e a d  of t h e  normally used copper can ,  t o  o b t a i n  f u r t h e r  in format ion  

on t h e  role of oxygen i n  t h e  degradat ion process .  

A .  Atmospheric T e s t s  

The r e s u l t s  of t h e  atmospheric tests descr ibed  i n  Q.T.S.R. N o .  6 

showed t h a t  t h e  degrada t ion  of c ross l inked  PMMA is  r e l a t i v e l y  r a p i d  i n  

an atmospheric environment even a t  moderate tempera tures  (180-2OO0C). 

I t  a l s o  appeared t h a t  t h e  stress decay became less r a p i d  wi th  i n c r e a s i n g  

c r o s s l i n k  d e n s i t y ,  bu t  t h e  tes ts  on which t h i s  conclus ion  i s  based w e r e  

n o t  made under p rope r ly  comparable c o n d i t i o n s .  To s tudy  t h i s  e f f e c t  

f u r t h e r ,  and t o  a s c e r t a i n  i f  any d i f f e r e n c e s  e x i s t e d  between samples 

c r o s s l i n k e d  w i t h  EDMA (e thy lene  g lycol  d ime thac ry la t e )  and w i t h  HDMA 
(hexamethylene g lyco l  d imethacry la te )  , a d d i t i o n a l  tests were c a r r i e d  ou t  

i n  t h e  a i r  re laxometer  on Lots  2, 10, and 11 a t  182OC. The r e s u l t s  a r e  

p l o t t e d  i n  F ig .  1, along wi th  data f o r  Lot 3 a t  181°C,  t aken  from F i g .  1 

of Q.T.S.R. No. 6 .  

b o t h  cont inuous and i n t e r m i t t e n t  measurements w e r e  c a r r i e d  o u t  on each 

sample. I n  every case  t h e  continuous and i n t e r m i t t e n t  tests gave prac-  

t i c a l l y  i d e n t i c a l  r e s u l t s ,  and thus t h e  i n t e r m i t t e n t  d a t a  a r e  omi t ted  

f o r  c l a r i t y .  

A l l  tests were made a t  a s t r a i n  of about 104, and 

Lots  3 and 11, and Lots  2 and 10, con ta in  t h e  same amount of c ros s -  

l i n k e r  (EDMA f o r  L o t s  2 and 3 ,  and HDMA f o r  Lots  10 and 11). 

shows t h a t  t h e  samples wi th  the higher degree  of c r o s s l i n k i n g  ir,deed 

degrade less r a p i d l y  than t h e  more l i g h t l y  c r o s s l i n k e d  ones.  However, 

t h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  a r a t e  of bond breakage which i s  

Figure  1 
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CROSSLINKED PMMA I N  AIR AT 182°C t CONTINUOUS STRESS RELAXATION 

CROSSLINKED 

0 LOT 2 0 LOT IO 

0 I 2 3 
log t, minutes 

TA-4520-10 

FIG. 1 CONTINUOUS STRESS RELAXATION OF 
CROSSLINKED PMMA IN AIR AT 182°C 

independent of t h e  degree of c ros s l ink ing .  F igure  1 a l s o  shows t h a t  t h e r e  

a r e  no s i g n i f i c a n t  d i f f e r e n c e s  between t h e  degradat ion curves obtained on 

the  EDMA-crosslinked and t h e  HDMA-crosslinked samples a t  comparable de- 

g rees  of c r o s s l i n k i n g .  

B .  T e s t s  Under Vacuum and i n  H e l i u m  

I t  was shown i n  F ig .  of Q.T.S.R.  N o .  6 t h a t  vacuum has a cons iderable  

s t a b i l i z i n g  in f luence  on t h e  thermal degrada t ion  of c ros s l inked  PMMA. The 

e f f e c t  of t h e  vacuum i s  undoubtedly due t o  t h e  reduced oxygen content  of 

t h e  environment. 

can be achieved i n  the vacuum relaxometer ,  it was suggested t h a t  t h e  copper 

can which surrounds t h e  relaxometer may a c t  a s  an oxygen g e t t e r .  The con- 

s i d e r a b l e  s t a b i l i t y  achieved i n  a moderate vacuum could then be  expla ined  

by cons ide r ing  t h a t  t h e  p a r t i a l  p ressure  of oxygen n e a r  t h e  specimen may 

be f a r  lower than  t h a t  c a l c u l a t e d  by assuming t h e  r e s i d u a l  gas  i n  t h e  

chamber t o  be a i r ,  because of scavenging of oxygen by t h e  copper vacuum 

housing a t  t h e  e l eva ted  temperatures employed. 

Because only a moderate vacuum (normally about 1 micron)  
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A run was made t h e r e f o r e  on Lot 2 a t  187OC i n  a g l a s s  j a r .  The 

r e s u l t  i s  compared i n  F ig .  2 with  a run  i n  t h e  copper can a t  227OC. The 

2 
CROSSLINKED PMMA 

0.8 LOT2, 222°C (HELIUM AT I ATM) 

I 

FIG. 2 CONTINUOUS AND INTERMITTENT STRESS RELAXATION 
OF CROSSLINKED PMMA (a) IN VACUUM IN COPPER JAR, 
(b) IN VACUUM IN GLASS JAR, AND (c) IN HELIUM 

two runs  show no s i g n i f i c a n t l y  d i f f e r e n t  f e a t u r e s .  N o  apprec iab le  

degrada t ion  i s  observed i n  e i t h e r  case u n t i l  a f t e r  1000 minutes ,  when 

bo th  tests show s l i g h t  s t r e s s  decay. An i n c r e a s e  of f o r c e  wi th  t i m e  is 

observed f o r  t h e  i n t e r m i t t e n t  measurements i n  t h e  g l a s s  j a r ,  bu t  t h i s  

seems t o  be c h a r a c t e r i s t i c  f o r  runs a t  l o w e r  temperatures .  (See da t a  

f o r  L o t s  1 and 3, Figs .  2 and 3 of Q.T.S.R. No. 6. ) 

Another p o s s i b l e  explana t ion  f o r  t he  s t a b i l i t y  under vacuum is  t h a t  

some m a t e r i a l  which ca t a lyzes  degradat ion i s  degassed whi le  specimens 

a r e  being brought t o  run  temperature under vacuum. To tes t  t h i s  poss i -  

b i l i t y ,  a run  was made under helium a t  about one atmosphere. A f t e r  

i n s t a l l a t i o n  of t h e  samples,  t h e  chamber was evacuated and f i l l e d  wi th  

hel ium, and t h i s  procedure was repea ted  t h r e e  times. 

of t h e  samples t o  vacuum a t  room temperature,  f a r  below T was n o t  

(The b r i e f  exposure 

g' 
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expected to cause any appreciable outgassing.) The chamber was then 

immersed in the thermostatted bath at 222OC, and the run was continued 

in the usual manner, while a slight positive pressure of helium was main- 

tained by a mercury manostat. As shown in Fig. 2, there was no appreciable 

stress decay during the entire run (about 110 hours), and it must be con- 

cluded that the increased stability is not due to the removal of a catalyst 

by outgassing. 

1.0 

0.8 

0.6 
h 

v 0 - t 

Since little degradation in vacuum was observed at temperatures up to 

about 225OC, an attempt was made to speed up the rate of stress decay by 

raising the temperature as high as possible. Continuous and intermittent 

tests in vacuum at 246OC were carried out on specimens of Lots 2, 3, 10, 

and 11. The results for Lots 2 and 10, the most lightly crosslinked 

samples available, are shown in Fig. 3. Although at this temperature 

some degradation occurs in a period of several hours, tests were cut 

short by breakage of both the continuous and intermittent specimens. 
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 CROSSLINKED PMMA IN VACUUM AT 24o"GI 
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FIG. 3 CONTINUOUS AND INTERMITTENT STRESS 
RELAXATION OF CROSSLINKED PMMA 
IN VACUUM AT 246°C 
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T e s t s  performed a t  t h e  same temperature on Lots  3 and 11, which a r e  more 

h i g h l y  c ros s l inked ,  were ended by breakage of t h e  specimen wi th in  2-3 

hour s ,  be fo re  apprec i ab le  degradat ion occurred .  

A f u r t h e r  a t tempt  was made to observe degrada t ion  i n  Lots  2 and 10 

by aging t h e  samples a t  246O i n  an uns t r e s sed  s t a t e  f o r  about 45 hours  

b e f o r e  beginning t h e  tests. Both samples broke w i t h i n  10 minutes a f t e r  

be ing  extended. 

C.  Conclusions 

The experiments c a r r i e d  ou t  so f a r  have demonstrated t h a t :  

1. S t r e s s  decay i n  c ros s l inked  PMMA i s  q u i t e  r a p i d  i n  an atmos- 

p h e r i c  environment even a t  moderate temperatures  (180-2OO0C), w i t h  no  

observable  d i f f e r e n c e  between the r a t e  of stress decay i n  cont inuous ly  

and i n t e r m i t t e n t l y  s t r e s s e d  samples. The decay is s lower f o r  more 

h igh ly  c r o s s l i n k e d  samples,  bu t  t h e r e  i s  l i t t l e  d i f f e r e n c e  between 

r e s u l t s  f o r  samples c ros s l inked  t o  equ iva len t  degrees  w i t h  EDMA and HDMA. 

2 .  S t r e s s  decay of the  same m a t e r i a l s  i n  moderate vacuum (approxi- 

mately 1 p) i s  very s l o w  compared wi th  r e s u l t s  ob ta ined  i n  a i r ,  d e s p i t e  

apprec i ab le  weight losses. However ,  t h e  specimens show a tendency t o  

break  which inc reases  wi th  temperature and s t r a i n ,  and wi th  t h e  degree 

of c r o s s l i n k i n g .  This  prevents  t he  de te rmina t ion  of stress decay curves  

over  an extended range. 

Even a t  t h e  moderate vacuum a t t a i n a b l e  i n  t h e  vacuum re laxometer ,  

t h e  i n c r e a s e  i n  s t a b i l i t y  i s  s o  g r e a t ,  t h a t  no  apprec i ab le  degrada t ion  

occurs  i n  t h e  c u r r e n t l y  a v a i l a b l e  samples up t o  about  25OoC. 

tempera ture ,  degrada t ion  becomes apparent  i n  t h e  t w o  most l i g h t l y  c ros s -  

l i n k e d  samples j u s t  b e f o r e  they break. A f u r t h e r  i n c r e a s e  i n  tempera- 

t u r e  a t  t h e  c u r r e n t l y  employed s t r a i n  l e v e l  of about 10% i s  u s e l e s s  

since i t  only  l e a d s  t o  r u p t u r e  of t h e  specimens b e f o r e  any degrada t ion  

can be observed.  A t  t h e  same t i m e  t h e  c u r r e n t  s t r a i n  l e v e l  of a lmost  

10% i s  a l r eady  near  t h e  lower l i m i t  of p r a c t i c a b i l i t y  f o r  stress r e l a x a -  

t i o n  s t u d i e s .  

A t  t h i s  
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Samples wi th  lower degrees  of c r o s s l i n k i n g  a r e  be ing  procured f rom 

P o l y c a s t  Corporat ion by t h e  A m e s  Research Center .  I t  is  hoped t h a t  t h e s e  

samples w i l l  a l low de termina t ion  of a s u f f i c i e n t l y  l a r g e  p o r t i o n  of t h e  

stress decay curves  so t h a t  an ana lys i s  of t he  k i n e t i c s  of t h e  process  

can be a t tempted .  

I n  a d d i t i o n ,  some information on t h e  p o s s i b l e  e f e e c t  of vacuum on 

t h e  break  p r o p e r t i e s  of c ros s l inked  PMMA samples w i l l  be  sought du r ing  

t h e  next  r e p o r t  pe r iod .  

. 
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I11 SWELLING MEASUREMENTS 

7 

Lot 
No. 

- 
2 

3 

4 

5 

10 

11 

12 - 

Swell ing measurements, a s  descr ibed  i n  Q.T.S.R. No. 6, were made 

on L o t  10, which was no t  a v a i l a b l e  then .  

S ince  swelling measurements i n  chloroform on L o t  3 had p rev ious ly  

been made a f t e r  r e f l u x i n g  t h e  sample f o r  24 hours  i n  n-butyl a c e t a t e ,  

t h e s e  measurements were repea ted  wi th  t h e  same one-hour r e f l u x i n g  pe r iod  

t o  which a l l  o t h e r  samples had been sub jec t ed .  

The r e s u l t s  a r e  shown i n  Table I .  

Table I 

SWELLING MEASUREMENTS ON CROSSLINKED PMMA 

Cross- 
1 inke r  

EDMA 

EDMA 

EDMA 

EDMA 

HDMA 

HnMA 

HDMA 

Amount of 
Cross l inke r  

4 w/w 

0.25 

1 .o 

6 .O 

16 .O 

0.25 

1 .o 

6 .O 

G e l  Frac t ion  
from Swell ing 

0.94 

0.94 

0.94 

0.96 

0.95 

0.90 

0.95 

CHCl3 
~ 

0.83 

0.98 

0 -91 

0.96 

0.96 

0.91 

0.95 

~ ~~~~~ 

Moles of Network Chains per  cc x lo4 

From Swel l ing  

2.21 

4.54 

9.57 

33.8 

1.85 

3.07 

17.1 

CHCl3 

1.48 

4.83 

7.59 

26.1 

2.01 

2.59 

13.3 

From Amount of 
Cross1 inke r  

0.30 

1.2 

7 .I5 

19.2 

0.23 

0.93 

5.55 

This  t a b l e  amends Table  I1 of Quar te r ly  Technical  Summary Report  No. 6. 
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